Water-soluble pigment mixture was extracted from discolored nori seaweed without separating phycoerythrin (PE) and phycocyanin (PC). The stability of this mixture against light irradiation was studied for application as a violet food coloring additive. The PC component showed greater photo-stability than the PE component of the pigment solution (pH 7.0, 20℃) under irradiation at 5,300 and 7,800 Lx. The ratio of the second-order rate constant k PE /k PC which reflects photo-destruction was 9.3 (5,300 Lx) and 7.0 (7,800 Lx). The results were similar to those of a respective pigment separated by gel-chromatography. As for tonal changes, the a* value was decreased and both the b* and L* values were increased with progressing photo-destruction, namely, the violet color changed to pale dark-violet due to de-coloration of the red PE component. A reduction in photo-fading of 6.6% (PE) and 6.9% (PC) was achieved by 7,800 Lx irradiation for 5 h, compared with the control, by adding γ-cyclodextrin to the mixture.
Introduction
Discoloration of edible seaweed, nori, cultured around the Ariake Sea in Kyushu Island, Japan, occurred in the winter seasons of 2000 and 2002 (Zhang et al., 2004) . The discolored form of nori, known as iro-ochi nori, does not have the same commercial value as ordinary edible nori due to its yellowish color and inferior flavor and texture.
Red algae nori contains photosynthetic pigments that bind phycobiliproteins, i.e., phycoerythrin (PE, red pigment) and phycocyanin (PC, blue pigment), and reside in the phycobilisome. The phycobiliproteins contain two types of bilin chromophores, phycoerythrobilin and phycocyanobilin (Ficner et al., 1992) , as shown in Fig. 1 . Each chromophore is covalently bound to the polypeptide chain of the protein through thioether linkages with the cysteine residues.
Previously, we separated and purified PC and PE from discolored nori and examined the effects of light irradiation on these pigments in solution (Kohata et al., 2006) . We found that PC has greater photo-stability under light irradiation with a fluorescent lamp at 5,800 Lx than PE in solution (pH 7.0, 25℃).
Cyclodextrins are known to make inclusion compounds colored nori was dissolved in 4.0 mL of 25 mM PB (pH 7.0) and centrifuged at 6,700 × g for 10 min at 5℃. The supernatant was placed in a quartz cell and subjected to light irradiation by a fluorescent lamp (5,300 or 7,800 Lx) in a photostable chamber (20℃) with stirring using a magnetic stirrer. The stability of the pigment mixture against light irradiation was estimated by the time-course changes in the residual ratio of pigment estimated from absorbance at 615 nm (PC) and 562 nm (PE) and equations 1 and 2; the initial concentration before light irradiation was defined as 100%. The solution was continually stirred during measurement of the spectral changes using a spectrophotometer (UV-2200A; Shimadzu Seisakusho, Ltd., Kyoto, Japan). Absorption spectral changes were recorded until the difference of absorbance between each interval was too small to use for reaction rate analysis. De-aeration was not carried out, and dark bleaching was negligible in the solution (within ca. 2% over 24 h at 5℃).
Tonal L*a*b* changes in pigment mixture following light irradiation The color space/colorimetric values (L*, a*, and b*), namely, the tonal changes, of the pigment mixture following light irradiation were measured with a chromameter (CR-400; Konica Minolta Sensing Inc., Osaka, Japan).
Improvement of photo-stability of pigment mixture Three types of cyclodextrins, α, β, and γ, (4.0 mg each, purchased from Wako Pure Chemical Ind., Ltd., Osaka, Japan) were added to 4.0 mL pigment mixture to examine the improvement in photo-stability of the mixture.
The stability of the mixtures with the cyclodextrin addition following light irradiation was examined in the same manner as described above.
Results and Discussion
Stability of pigment mixture against light irradiation Fading occurred in the pigment mixture in PB (pH 7.0) following light irradiation (Fig. 2) . Fading of the red and blue pigment components was approximately 58.7% (PE) and 15.9% (PC) over 4 h of 7,800 Lx irradiation and 54.8% (PE) and 11.2% (PC) over 8 h of 5,300 Lx irradiation (Fig. 3) .
As fading by light irradiation of the pigment mixture reflects the property of each pigment (Kohata et al., 2006) , no interaction between PE and PC in solution is suggested.
The rate constant of this fading reaction by light irradiation was estimated with the time-course changes in the residual ratio of the pigment. The plots of the first-and secondorder rate equations gave linearity with good correlation (Fig.  4) . The rate constant k values (20℃) are shown in Table 1 .
Based on these results, fading appears to proceed via a second-order reaction. The value of k PE /k PC was 9.3 and 7.0 for light irradiation at 5,300 and 7,800 Lx, respectively. PE with hydrophobic molecules (Bender and Komiyama, 1979; Yoshii, 2004) . Some studies have applied β-and γ-cyclodextrin to retain the green color of crushed immature tomato against heat and light irradiation by inclusion of these proteins in the chlorophyll Hamabe, 2007, Kurihara et al., 2008) . γ-Cyclodextrin inclusion has also been found to stabilize the color of chlorophyll in Sasa veitchii against sunlight irradiation (Terao et al., 2003) .
In this study, we examined the stability of a mixture of PC and PE in solution under light irradiation to assess their usefulness as violet food coloring additives, since a violetcolor material can be obtained from nori of low article value by a simple process without complex separation of PC and PE (Kohata et al., 2006) . We also examined the prevention of light fading of this pigment mixture with the addition of cyclodextrins.
Materials and Methods
Extraction of pigment mixture of PE and PC Dried and shredded discolored nori (20.0 g, cultured along the Kumamoto area of the Ariake Sea in the winter of 2001) was placed in a beaker with 1000 mL of 25 mM sodium phosphate buffer (pH 7.0) (PB) containing 0.1 M sodium chloride and stirred for 24 h at 5℃. The mixture was filtered through a nylon mesh cloth and then centrifuged at 3,800 × g for 30 min at 5℃ using a high-speed refrigerated centrifuge (GRX-250; Tomy Seiko Co., Ltd., Tokyo, Japan). Ammonium sulfate was added to the supernatant to form a 50% saturated solution, which was stirred for 5 h at 5℃ and then separated by further centrifugation to obtain a 50% precipitate (Kohata et al., 2006) . The precipitate was dialyzed with Spectra/Por membrane (MWCO 6-8,000; Spectrum Lab. Inc., GA, USA) against 3 L water for 24 h and then lyophilized to obtain a powder containing the pigment mixture.
Each pigment content was calculated using the following equations (Hattori and Fujita 1959) .
Phycoerythrin (μg/mL) = 119.4A 562 − 53.64A 615 (Eq. 1) Phycocyanin (μg/mL) = 164.5A 615 − 0.14A 562 (Eq. 2) where A is the absorbance at the wavelength indicated in each equation as the suffix to A. The content of each pigment in discolored nori used in this study was estimated to be ca. 3.2 mg/g PE and ca. 2.8 mg/g PC based on equations 1 and 2 and the absorption spectra. The extent of discoloration of discolored nori was estimated to be ca. 90% that of PE and ca. 80% that of PC in normal nori cultured along the Saga area of the Ariake Sea (winter of 2001) (Zhang et al., 2004) .
Stability of pigment solution against light irradiation
The pigment mixture (ca. 4 mg) obtained from the dried dis-dark-violet. Therefore, the stability of PE against light needs to be improved for application of this water-soluble pigment mixture extract from discolored nori as a color additive in foods including beverages.
Improvement in photo-stability of pigment mixture We examined the addition of α-, β-and γ-cyclodextrins. No changes in absorption spectra and tonal changes were observed by cyclodextrin addition. Only γ-cyclodextrin was found to depress photo-fading albeit slightly (Fig. 6) . Compared to fading of the red PE and blue PC components lacking γ-cyclodextrin over 5 h of 7,800 Lx irradiation (ca. was unstable against light irradiation, possibly due to its chromophore groups especially its five-membered D ring (Ficner et al., 1992) or its protein subunit structures (Imahori 1998) , which might have been altered by light irradiation.
Tonal (L*a*b*) changes of pigment mixture by light irradiation Figure 5 shows the time-course changes in the a* and b* values of the pigment mixture by light irradiation at 5,300 Lx (8 h) and 7,800 Lx (4 h). The a* value comprises a green direction (low value) and red direction (high value), while the b* value comprises a blue direction (low value) and yellow direction (high value). The results showed an extremely reduced a* value and slightly increased b* value following light irradiation (Fig. 5) . Luminosity L* changed slightly from 28.6 to 30.4 and 28.5 to 29.8 with increasing time of light irradiation at 5,300 Lx (8 h) and 7,800 Lx (4 h), respectively.
Taken together, increasing the period of light irradiation caused discoloration of the solution to bright purple, i.e., pale Photo-stability of Pigment Mixture from Nori The values of k are expressed as mean ± S.D (n=3).
63.1% and 26.9%, respectively), fading was improved to ca. 56.5% and 20.0%, respectively, with the γ-cyclodextrin addition. Thus, fading of both pigments was prevented by 6.6% (PE) and 6.9% (PC), which are considered to be meaningful values as the differences in absorbance were higher than 0.10 (PE) and 0.05 (PC) when γ-cyclodextrin was added.
The results were consistent with the similar effect of cyclodextrin on photo-stabilization of chlorophylls (Kurihara et al., 2008; Terao et al., 2003) . As the chromophore structures of PE and PC are similar to the open chain tetrapyrroles of chlorophyll, this improvement of photo-fading suggests that γ-cyclodextrin interacts with the D ring of the chromophore. Only the oxygen atom in the D ring forms a hydrogen bond with the N atom of another (αβ) subunit; however, as the free energy of β is quite high, this hydrogen bond is not stable and makes the D ring of the chromophore (α) more flexible (Chang et al., 2000) . Moreover, the chromophore is located to the outside of the (αβ) subunits (Martínez-Oyanedel et al., 2004) , allowing interaction with cyclodextrin.
Unfortunately, this mechanism could not be clarified in detail, and the extent of photo-stability improvement by γ-cyclodextrin was insufficient for application of the pigment mixture as a food additive. 
